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Clinical PerspectiveWhat Is New?Exposure to fine particulate matter air pollution (PM~2.5~) has differential effects on discrete populations of bone marrow stem cells in mice.The effects of particulate matter air pollution exposure on hematopoietic stem cells and endothelial progenitor cells can be mitigated by supplementation with carnosine.What Are the Clinical Implications?Dietary carnosine supplementation may be a viable approach for preventing particulate matter air pollution--induced immune dysfunction and cardiovascular injury in humans.

Introduction {#jah34221-sec-0008}
============

Extensive epidemiological and laboratory studies show that exposure to air pollution is associated with adverse health outcomes.[1](#jah34221-bib-0001){ref-type="ref"} The World Health Organization estimates that air pollution is linked to 6.5 million deaths per year worldwide and that 92% of the world\'s population lives in areas where the levels of fine particulate matter (PM~2.5~) exceed the World Health Organization recommended annual mean concentration limit of 10 μg/m^3^. While inhalation exposures are proximally associated with pulmonary disorders, increasing evidence suggests that exposure to PM~2.5~ induces systemic effects and contributes to a wide range of cardiovascular,[2](#jah34221-bib-0002){ref-type="ref"}, [3](#jah34221-bib-0003){ref-type="ref"}, [4](#jah34221-bib-0004){ref-type="ref"}, [5](#jah34221-bib-0005){ref-type="ref"} immune,[6](#jah34221-bib-0006){ref-type="ref"}, [7](#jah34221-bib-0007){ref-type="ref"}, [8](#jah34221-bib-0008){ref-type="ref"}, [9](#jah34221-bib-0009){ref-type="ref"} and neurological[10](#jah34221-bib-0010){ref-type="ref"}, [11](#jah34221-bib-0011){ref-type="ref"}, [12](#jah34221-bib-0012){ref-type="ref"} disorders as well. One of the unexpected, distal targets of PM~2.5~‐induced toxicity is the bone marrow. We and others have shown that exposure to PM~2.5~ impacts bone marrow resident, endothelial progenitor cells (EPCs) in both humans and mice, limiting their inherent functionality[13](#jah34221-bib-0013){ref-type="ref"} and mobilization into peripheral circulation.[14](#jah34221-bib-0014){ref-type="ref"}, [15](#jah34221-bib-0015){ref-type="ref"}, [16](#jah34221-bib-0016){ref-type="ref"} These impairments may contribute to the establishment or maintenance of a dysfunctional endothelium and lend mechanistic insight into the robust association between PM~2.5~ exposure and cardiovascular disease. Similar quantitative or qualitative impairments of bone marrow hematopoietic cells (HSCs) or mesenchymal stem cells (MSCs) could likewise form the underlying basis of PM~2.5~‐induced immune response defects or defects in tissue regeneration and repair. While some results using tracheal installation approaches do support the idea that PM~2.5~ can broadly impact stem cell populations,[17](#jah34221-bib-0017){ref-type="ref"}, [18](#jah34221-bib-0018){ref-type="ref"} a complete understanding of the extent and mechanisms whereby PM~2.5~ inhalation impacts bone marrow stem cell subsets is lacking. Consequently, effective strategies for mitigating the deleterious effects of PM~2.5~ exposure are also lacking.

Current ideas suggest that the systemic effects of PM~2.5~ are secondary to PM~2.5~‐induced pulmonary inflammation and oxidative stress, and involve the generation and distribution of oxidatively modified biomolecules. Although the exact chemical identity of these mediators remains elusive, there is evidence to suggest that they are derived from the oxidation of unsaturated lipids,[19](#jah34221-bib-0019){ref-type="ref"} leading to the generation of a wide range of stable, but highly reactive end products such as 4‐hydroxy‐*trans*‐2‐nonenal and acrolein. Indeed, exposure to these unsaturated aldehydes is associated with an increase in the risk of cardiovascular disease in humans,[20](#jah34221-bib-0020){ref-type="ref"} by promoting hypertension,[21](#jah34221-bib-0021){ref-type="ref"} arrhythmia,[22](#jah34221-bib-0022){ref-type="ref"} atherogenesis,[23](#jah34221-bib-0023){ref-type="ref"} dyslipidemia,[24](#jah34221-bib-0024){ref-type="ref"} and thrombosis.[25](#jah34221-bib-0025){ref-type="ref"} Thus, lipid peroxidation--derived aldehydes could amplify and prolong the injurious potential of pulmonary reactive oxygen species (ROS), which paradoxically, because of their high reactivity and short half‐lives, have low biological toxicity. Therefore, detoxification of highly reactive aldehydes could be an effective strategy in mitigating tissue injury caused by the exposure to PM~2.5~ and other inhaled pollutants.

Reactive aldehydes derived from diet, lipid peroxidation, and other metabolic processes are catalytically detoxified by aldehyde reductases and dehydrogenases as well as glutathione‐*S*‐transferases.[26](#jah34221-bib-0026){ref-type="ref"} In addition, we have recently described a nonenzymatic pathway for the detoxification of these aldehydes by carnosine.[27](#jah34221-bib-0027){ref-type="ref"} Carnosine is an endogenous dipeptide (β‐alanyl‐[l]{.smallcaps}‐histidine) that, because of its high nucleophilicity, binds to and neutralizes aldehydes.[28](#jah34221-bib-0028){ref-type="ref"}, [29](#jah34221-bib-0029){ref-type="ref"} Carnosine also has metal binding, anti‐glycating, and anti‐inflammatory activities.[30](#jah34221-bib-0030){ref-type="ref"} Supplementation with carnosine in animals has been previously shown to prevent inflammation[31](#jah34221-bib-0031){ref-type="ref"}, [32](#jah34221-bib-0032){ref-type="ref"} and promote the removal of lipid peroxidation products and decrease atherosclerotic lesion formation in mice.[33](#jah34221-bib-0033){ref-type="ref"}

In this study, to gain further insight into the systemic outcomes of PM~2.5~ exposure, we characterized effects on discrete bone marrow stem cell subtypes. Furthermore, given that the effects of PM~2.5~ are likely to be mediated in part by a sequence of metal‐catalyzed oxidative and pro‐inflammatory events, we tested whether supplementation with carnosine would attenuate these effects. We found that while mice exposed to concentrated ambient particles (CAPs) demonstrated no quantitative changes in MSCs, there was a decrease in HSC colony‐forming units (CFUs) that was abrogated when CAPs‐exposed mice had access to water containing carnosine. Carnosine supplementation also mitigated CAPs‐induced defects in EPC function, including those on tube formation and proliferation ex vivo as well as vascular repair in vivo. These results suggest that PM~2.5~ exposure has variable effects on different subgroups of bone marrow stem cells and that a practical intervention (ie, carnosine supplementation) to limit intermediates of oxidative stress could mitigate some of these effects~.~

Materials and Methods {#jah34221-sec-0009}
=====================

The data that support the findings of this study are available from the corresponding author upon reasonable request.

Animals, Exposures, and Cell Culture {#jah34221-sec-0010}
------------------------------------

Male C57BL/6 mice (Jackson Laboratories) at 12 weeks of age were used for exposures. Animals in groups of 5 of identical age and similar weight were exposed to filtered air or CAPs generated from downtown Louisville, KY air by a Versatile Aerosol Concentration and Enrichment System (VACES) operated by the Inhalation Facility at the University of Louisville.[14](#jah34221-bib-0014){ref-type="ref"}, [16](#jah34221-bib-0016){ref-type="ref"} The VACES enriched ambient levels of air pollution in real time by 7.4±2.4‐fold with no changes in elemental composition, and exposures to CAPs were for 6 hours per day continuously for 9 days. For carnosine supplementation, mice were provided with water ad libitum containing carnosine (1 mg/mL) beginning 1 week before the onset of exposure and were maintained on this water throughout the exposure time course. Urine was collected from individual animals for 12 hours before the beginning of exposure and for 12 hours after a single‐day, 6‐hour exposure. Exposed animals were euthanized immediately after a 6‐hour exposure on the final day of a 9‐day exposure regimen. Bone marrow cells were flushed from the femurs and tibiae with media and washed with PBS. EPCs were cultured from these aspirates by plating on fibronectin‐coated dishes (Corning) in the presence of EGM‐2 media (Lonza) with a change of this media every 48 hours for up to 12 days. All animal procedures were approved by the University of Louisville Institutional Animal Care and Use Committee.

HSC and MSC Assays {#jah34221-sec-0011}
------------------

To quantify HSC CFUs, flushed bone marrow cells (5×10^3^) were plated in Colony Gel (BioReach) and plates were incubated at 37°C. Enumeration of CFUs was performed as per manufacturer\'s recommendation. To quantify MSCs, 5×10^5^ cells were plated out in Mesencult (Stem Cell Technologies) and cultured for 2 weeks under hypoxic conditions (5% O~2~, 10% CO~2~, 85% N~2~). At the end of this time period, cells were harvested, stained with a fluorescently tagged, anti‐CD45 antibody (Becton Dickinson), and CD45^−^ cells were quantified by flow cytometry.

Measurement of Urinary Carnosine‐Aldehyde Conjugates {#jah34221-sec-0012}
----------------------------------------------------

Mouse urine samples were diluted in a solution of 75% acetonitrile:25% water containing 30 nmol/L ^13^C~9~ carnosine as an internal standard. Samples were separated and aldehyde conjugates were identified using a Waters ACQUITY UPLC H‐Class System (BEH HILIC column equipped with an in‐line frit filter unit) coupled with a Xevo TQ‐S micro triple quadrupole mass spectrometer. The analytes were eluted using a binary solvent system consisting of 10 mmol/L ammonium formate, 0.125% formic acid in 50% acetonitrile:50% water for mobile phase A and 10 mmol/L ammonium formate 0.125% formic acid in 95% acetonitrile:5% water for mobile phase B at a flow rate of 0.55 mL/min. Initial conditions were 0.1:99.9 A:B ramping to 99.9:0.1 A:B over 5 minutes then quickly ramping to 0.1:99.9 A:B over 0.5 minutes. Aldehyde conjugates were quantified using the peak ratio of histidyl‐dipeptide and ^13^C~9~ carnosine internal standard, interpolated using a standard curve and expressed as nmol/mg creatinine.

Tube Formation and Proliferation {#jah34221-sec-0013}
--------------------------------

After 10 to 12 days of culture, EPCs were harvested with Cell Dissociation Buffer (Thermo Fisher), washed, and aliquots of 1.5×10^4^ were layered on top of 50 μL of Matrigel (Corning) in a 96‐well plate. Tubes were allowed to form for 4 hours and microscopic images were acquired with an EVOS Cell Imager (Thermo Fisher). The average number of tubes for each condition was determined over 3 individual exposures. To determine proliferative capacity, cultured cells were plated in triplicates of 0.5×10^5^ in 24‐well tissue culture plates. Cell number was assessed daily over the following 72 hours using the CellQuant dye (Life Technologies) as per the manufacturer\'s directions. A doubling time was determined using online software (<http://www.doubling-time.com/compute_more.php>).

Hind Limb Ischemia and Laser Doppler Perfusion Imaging {#jah34221-sec-0014}
------------------------------------------------------

Revascularization potential was assessed by Laser Doppler Perfusion Imaging (LDPI) in ischemic hind limbs as previously described.[34](#jah34221-bib-0034){ref-type="ref"} To induce hind limb ischemia, mice were anesthetized by isoflurane inhalation (3% isoflurane mixed with 100% O~2~) and anesthesia was maintained by continued isoflurane inhalation (1--2% isoflurane). The left groin area was then shaved, a small incision was made through the skin, and the femoral artery and vein were exposed. Sterile 7.0 sutures were threaded gently under and around the femoral artery and vein, and 2 ligatures were knotted (3 mm apart) for permanent ligation and then blood vessels were cut transversely between ligatures. Skin was closed using sterile nylon 6.0 sutures and tissue adhesive sealant. Sham hind limb ischemia surgery was conducted in the same manner, except that the blood vessels were neither ligated nor cut.

To assess the capacity of bone marrow--derived EPCs to promote vascular repair, we injected these cells (5×10^5^ total cells isolated and cultured from CAPs‐ and air‐exposed mice) at 4 upper leg sites (10 μL/site) distal to the wound. Two and 3 weeks following surgery*,* mice were anesthetized as above and LDPI (MoorLDI2; Moor Instruments) was performed to assess blood flow in both ischemic and nonischemic feet and hind limbs. LDPI values scale linearly with the product of red blood cell velocity and the number of blood cells within the tissue, and are listed in arbitrary units. Two images were acquired from every mouse, and analyzed for return of blood flow (recovery) to ischemic leg as a percentage of blood flow in nonischemic leg.

Histology {#jah34221-sec-0015}
---------

Mice were euthanized after the final LDPI scan and lower leg skeletal muscle (gastrocnemius) from ischemic limbs was collected, formalin‐fixed, and paraffin‐embedded. Sections (5 μm) were stained with Sirius Red (0.1%; RA Lamb LLC; Apex, NC) and Fast Green FCF (0.1%; Sigma‐Aldrich) to assess fibrosis. Up to 3 of these stained sections were viewed on an Olympus IOM microscope and imaged with a SPOT camera using SPOT advanced image‐capture software. Each image was embedded with a SPOT software‐generated calibration line (eg, 1000 μm) stamp for subsequent image analysis. Analysis of staining was performed using the National Institutes of Health free software ImageJ, version 1.45s. Each digital photomicrograph (up to 3 different sections per slide) was analyzed as reported.[35](#jah34221-bib-0035){ref-type="ref"}

Statistical Analysis {#jah34221-sec-0016}
--------------------

Data are reported as mean±SE. Repeated‐measures ANOVA with interactions was performed to test whether CAPS exposure had an effect on carnosine‐propanal levels in mice fed with normal drinking water versus mice supplemented on carnosine. Two‐way ANOVA with interactions were performed to test for differences in normal‐ versus carnosine‐fed animals that were exposed to air and CAPS. The least‐square means procedure with Tukey adjustment was used to obtain the *P* values for multiple comparisons. All statistical analyses were performed using SAS, version 9.4, software (SAS Institute, Inc, Cary, NC) and GraphPad Prism, version 7 (GraphPad Software, La Jolla, CA). Summary statistics for all figures are presented in Table [S1](#jah34221-sup-0001){ref-type="supplementary-material"}.

Results {#jah34221-sec-0017}
=======

CAPs Exposure Differentially Affects Bone Marrow Stem Cell Populations {#jah34221-sec-0018}
----------------------------------------------------------------------

The bone marrow serves as a reservoir of discrete stem cell populations. While exposure to CAPs induces quantitative changes and qualitative defects of bone marrow EPCs,[13](#jah34221-bib-0013){ref-type="ref"}, [14](#jah34221-bib-0014){ref-type="ref"} its effects on other stem cell populations is not clear. MSCs are multipotent stromal cells that can terminally differentiate into multiple tissues, including bone, cartilage, muscle, and adipose. To determine whether CAPs exposure affects MSC levels, we exposed mice to filtered air or CAPs and, at termination of exposure, bone marrow cells were isolated and cultured under hypoxic conditions in Mesencult for 14 days. At this time the cells were harvested and CD45^−^ cells were enumerated by flow cytometry (Figure [1](#jah34221-fig-0001){ref-type="fig"}A). Over 3 unique exposures (Figure [1](#jah34221-fig-0001){ref-type="fig"}B and [1](#jah34221-fig-0001){ref-type="fig"}C), we observed that there were no statistically significant (*P*: 0.185) quantitative differences in the number of MSCs isolated from control, filtered air--exposed mice (1.54±0.08; n=22) and from CAPs‐exposed mice (1.42±0.04; n=22).

![Quantitative impact of CAPs exposure on mesenchymal stem cells and hematopoietic stem cell colony formation. Mice exposed to filtered air or CAPs for 9 days were euthanized and bone marrow cells were collected. MSCs in these isolates were quantified after culture in Mesencult and flow cytometry (**A**). Illustrated are the cumulative results (**B**: n=22 mice) and actual MSC numbers in 3 separate exposures of different CAPs levels (**C**; β: −0.0030; *R*2: 0.041; *P*: 0.180). From 16 exposures of different CAPs levels, HSCs were quantified in a colony‐forming assay (**D**). Illustrated is a representative colony (**E**) and the cumulative results (**F**; \**P*\<0.05). Also illustrated (**G**; β: −0.0827; *R*2: 0.177; *P*\<0.001) are actual colony counts in the filtered air (n=70 mice over 16 exposures) and CAPS‐exposed groups (n=4--7 mice per exposure). Levels of MSCs (**C**) and HSC colonies (**G**) in control mice inhaling filtered air are depicted at the 0 μg/m^3^ concentration. CAPs indicates concentrated ambient particles; HSCs, hematopoietic cells; MSCs, mesenchymal stem cells.](JAH3-8-e013041-g001){#jah34221-fig-0001}

In addition to MSCs, the bone marrow also contains HSCs, which are the bone marrow precursors of all mature lymphoid and myeloid blood cell lineages. To measure HSC levels in exposed mice, we collected the flushed bone marrow cells and used them in a colony‐forming assay (Figure [1](#jah34221-fig-0001){ref-type="fig"}D and [1](#jah34221-fig-0001){ref-type="fig"}E). When we plated out equal numbers of cells, we observed fewer CFUs from CAPs‐exposed mice (13.8±1.0; n=16) than from the filtered air controls (19.3±0.82; n=16) (Figure [1](#jah34221-fig-0001){ref-type="fig"}F; *P*: 0.0002). Overall, we observed that CFUs decreased with increasing CAPs levels (Figure [1](#jah34221-fig-0001){ref-type="fig"}G), suggesting a dose effect. Thus, while CAPs‐exposed mice demonstrated defects in HSC growth and/or differentiation, there were no observable effects on MSCs.

Carnosine Supplementation Neutralizes Aldehydes and Protects From HSC Depletion in CAPs‐Exposed Mice {#jah34221-sec-0019}
----------------------------------------------------------------------------------------------------

The generation and systemic delivery of oxidatively modified biomolecules (eg, aldehydes) in response to PM~2.5~ inhalation is a proposed mechanism whereby PM~2.5~ impacts cell and tissue function. Carnosine is a naturally occurring, nucleophilic, di‐peptide (β‐alanyl‐[l]{.smallcaps}‐histidine) that scavenges free radicals and aldehydes.[30](#jah34221-bib-0030){ref-type="ref"} To determine whether excess carnosine could detoxify aldehydes in our experimental protocol, we measured urinary levels of carnosine‐propanal adducts (Figure [2](#jah34221-fig-0002){ref-type="fig"}A). In mice drinking normal water, we detected low levels of these adducts in urine collected either pre‐exposure or postexposure (Figure [2](#jah34221-fig-0002){ref-type="fig"}B through [2](#jah34221-fig-0002){ref-type="fig"}D). However, we observed that levels of these adducts increased ≈35‐fold in pre‐exposure mice drinking carnosine‐containing water (Figure [2](#jah34221-fig-0002){ref-type="fig"}D), indicating that carnosine supplementation facilitates the removal of endogenous aldehydes. After CAPs exposure, adduct levels increased ≈43% in mice drinking carnosine‐containing water, consistent with the idea that particle inhalation promotes oxidative stress and aldehyde generation (Figure [2](#jah34221-fig-0002){ref-type="fig"}D). In the same exposure protocol, mice drinking normal water had only a 4% increase in carnosine‐propanal adducts after CAPs exposure (Figure [2](#jah34221-fig-0002){ref-type="fig"}D), indicating that even though lipid‐derived aldehyde generation is increased upon CAPs exposure, the extrusion of these aldehydes in the urine is limited by carnosine availability.

![CAPs exposure increases urinary levels of carnosine‐propanal. Illustrated is the experimental outline (**A**). Mice were placed on normal drinking water or water supplemented with 1 mg/mL carnosine for 1 week before exposure to filtered air or CAPs. Urine was then collected for 12 hours before exposure and for 12 hours after a single‐day, 6‐hour exposure. Levels of carnosine‐propanal in the urine were measured as described in Methods and normalized to urinary creatinine. Illustrated are representative LC‐MS/MS ionograms obtained from pre‐exposure urine (**B**) and postexposure urine (**C**), where carnosine propanal elutes at ≈2.3 minutes. Also illustrated are the cumulative results (**D**). n=5; \**P*\<0.05. C indicates carnosine‐containing water; N, normal water; LC‐MS/MS, liquid chromatography‐massspectrometry.](JAH3-8-e013041-g002){#jah34221-fig-0002}

Given this observation that carnosine supplementation increases the extrusion of lipid‐derived aldehydes, we next determined whether carnosine supplementation had protective effects on HSC depletion (Figure [3](#jah34221-fig-0003){ref-type="fig"}A). Consistent with our earlier observation, mice drinking normal water and exposed to CAPs demonstrated a reduction of HSC colonies (0.65±0.04; n=7) compared with control mice breathing filtered air (1.0±0.07; n=9) (Figure [3](#jah34221-fig-0003){ref-type="fig"}B and [3](#jah34221-fig-0003){ref-type="fig"}C). However, when mice were placed on carnosine‐containing water, there was no statistically significant loss of HSCs in the CAPs‐exposed group (1.10±0.17; n=9) versus the filtered air--exposed group (1.0±0.09; n=9) (Figure [3](#jah34221-fig-0003){ref-type="fig"}B and [3](#jah34221-fig-0003){ref-type="fig"}C). Thus, carnosine supplementation limits the quantitative effects of CAPs exposure on bone marrow HSCs.

![Carnosine supplementation limits HSC depletion. Illustrated is the experimental outline (**A**). Mice were placed on normal drinking water or that supplemented with 1 mg/mL carnosine for 1 week before exposure and then exposed to filtered air or CAPs for 9 days. Bone marrow cells were then isolated and HSC CFUs were quantified after culture in Colony Gel. Illustrated are the cumulative results (**B**; n=7--9 mice) and the average CFUs in 3 independent exposures (**C**). The average number of HSC colonies in control mice inhaling filtered air is depicted at the 0 μg/mL concentration (**C**). CAPs indicates concentrated ambient particles; CFUs, colony‐forming units; HSCs, hematopoietic cells.](JAH3-8-e013041-g003){#jah34221-fig-0003}

Carnosine Supplementation Mitigates the Effects of CAPs on EPC Function Ex Vivo {#jah34221-sec-0020}
-------------------------------------------------------------------------------

We have previously reported that CAPs inhalation induces EPC dysfunction.[13](#jah34221-bib-0013){ref-type="ref"} Hence, we next determined whether carnosine supplementation could protect against these adverse outcomes (Figure [4](#jah34221-fig-0004){ref-type="fig"}A). As previously reported, we found that EPCs isolated and cultured from the bone marrow of CAPs‐exposed mice had a slower rate of proliferation (longer doubling time) (2.16±0.50; n=5) compared with those cells isolated from mice breathing filtered air (1.0±0.0; n=5). However, when we performed these experiments using cells isolated from CAPs‐exposed mice drinking carnosine‐containing water, we observed no defect in proliferation versus the filtered air controls (0.90±0.22; n=5 versus 1.10±0.17; n=4) (Figure [4](#jah34221-fig-0004){ref-type="fig"}B).

![Carnosine supplementation attenuates CAPs‐induced EPC dysfunction ex vivo. Illustrated is the experimental outline (**A**). Mice were placed on normal drinking water or that supplemented with 1 mg/mL carnosine for 1 week before exposure and then exposed to filtered air or CAPs for 9 days. Bone marrow cells were isolated and EPCs were cultured for 10 to 12 days and then used in functional assays. **B,** Illustrated are the relative doubling times of these cells normalized to filtered air controls. n=4 to 5; \**P*≤0.05. The cultured EPCs were also used in a tube formation assay. Illustrated are representative images (**C**) and quantitative data (**D**). n=5 to 7; \**P*\<0.05. CAPs indicates concentrated ambient particles; EPCs, endothelial progenitor cells.](JAH3-8-e013041-g004){#jah34221-fig-0004}

We also analyzed EPC function using a tube‐forming assay, which is indicative of angiogenic capacity. We found that even though EPCs isolated from CAPs‐exposed mice drinking normal water were impaired in forming tubes versus mice breathing filtered air (0.43±0.14 versus 1.01±0.14: n=5, 7, respectively), EPCs from CAPs‐exposed mice drinking carnosine‐containing water had a tube‐forming capacity similar to those mice breathing filtered air (1.12±0.16 versus 1.00±0.06: n=7) (Figure [4](#jah34221-fig-0004){ref-type="fig"}C and [4](#jah34221-fig-0004){ref-type="fig"}D). Taken together, these observations suggest that carnosine supplementation protects from CAPs‐induced EPC dysfunction ex vivo.

Carnosine Supplementation Mitigates the Effects of CAPs on EPC Function In Vivo {#jah34221-sec-0021}
-------------------------------------------------------------------------------

We have previously shown that EPCs isolated from CAPs‐exposed mice demonstrated an impaired capacity for vascular repair in vivo.[13](#jah34221-bib-0013){ref-type="ref"} To determine whether carnosine supplementation could mitigate these effects, we isolated and cultured EPCs from CAPs‐exposed animals and injected them into naïve mice subjected to hind limb ischemia. The recovery of vascular perfusion in these treated mice was assessed after 3 weeks by LDPI (Figure [5](#jah34221-fig-0005){ref-type="fig"}A). We observed that mice receiving cells isolated from CAPs‐exposed animals drinking carnosine‐containing water exhibited a 66.93±1.43% recovery (n=20), whereas those mice receiving cells isolated from CAPs‐exposed animals drinking normal water exhibited only a 48.11±2.40% recovery (n=24) (Figure [5](#jah34221-fig-0005){ref-type="fig"}B and [5](#jah34221-fig-0005){ref-type="fig"}C). Furthermore, those mice receiving cells from CAPs‐exposed animals placed on carnosine‐containing water exhibited enhanced tissue repair, as evidenced by a greater deposition of collagen fibers, compared with mice receiving cells from CAPs‐exposed animals drinking normal water (7.32±0.70 versus 1.00±0.22, respectively) (Figure [5](#jah34221-fig-0005){ref-type="fig"}D and [5](#jah34221-fig-0005){ref-type="fig"}E) These observations suggest that carnosine protects against CAPs‐induced EPC dysfunction as these cells retain their competence in promoting tissue repair in vivo.

![Carnosine supplementation attenuates CAPs‐induced defects in EPC‐mediated vascular reperfusion and tissue repair. **A**, Illustrated is the experimental outline. Mice were placed on normal drinking water or that supplemented with 1 mg/mL carnosine for 1 week before exposure and then exposed to filtered air or CAPs for 9 days. Bone marrow cells were isolated and EPCs cultured for 10 to 12 days and then injected into naïve mice that were subjected to HLI. Recovery of vascular perfusion in the injured limb was examined after 3 weeks by LDPI. Illustrated are representative LDPI images (**B**). The percent recoveries of vascular perfusion in HLI mice receiving cells from the various donors is also illustrated (**C**). n=7 to 24; \**P*\<0.05. Isolated muscle sections from HLI mice injected with cells from the CAPs‐exposed donors were also stained with Sirius Red. Illustrated are representative images (**D**) and the relative staining intensity (**E**); n=4 to 5; \**P*\<0.05. CAPs indicates concentrated ambient particles; EPCs, endothelial progenitor cells; HLI, hind limb ischemia; LDPI, Laser Doppler Perfusion Imaging.](JAH3-8-e013041-g005){#jah34221-fig-0005}

Discussion {#jah34221-sec-0022}
==========

In this work we show that acute exposure to CAPs has differential effects on bone marrow stem cell populations in mice. While exposure had no effect on MSC levels, there was a depletion of HSC CFUs. Together with our previous work showing that CAPs induces an accumulation of EPCs in the bone marrow,[14](#jah34221-bib-0014){ref-type="ref"}, [16](#jah34221-bib-0016){ref-type="ref"} these results provide evidence that exposure to PM~2.5~, initially and primarily a lung insult, can impact distal tissues, including the bone marrow. Moreover, the pervasive effects of PM~2.5~ exposure on discrete stem cell populations are indicative of the complex and sometimes cell‐type‐specific physiological responses to PM~2.5~ exposure. These findings add a new facet to the pathophysiology of PM~2.5~ exposures and provide new insights on how such exposures could affect tissue capacity for repair and regeneration.

The mechanistic basis whereby PM~2.5~ inhalation impacts bone marrow cells is uncertain. Some proposed mechanisms for the pathophysiological outcomes resulting from inhalation exposures ascribe this to an altered redox balance with excessive generation of ROS.[36](#jah34221-bib-0036){ref-type="ref"}, [37](#jah34221-bib-0037){ref-type="ref"} Thus, oxidized biomolecules generated in the lungs are distributed through peripheral circulation and induce systemic effects. The view that ROS mediate PM~2.5‐~induced toxicity is supported by our recent studies showing that limiting ROS production at its source, through pulmonary overexpression of extracellular superoxide dismutase, not only alleviates oxidative stress in distal cells and tissues, but also mitigates the PM~2.5~‐induced dysfunction of bone marrow--derived EPCs.[13](#jah34221-bib-0013){ref-type="ref"} Although the identity of these putative oxidized biomolecules remains unclear, increased levels of discrete, oxidized phospholipids have been found in bronchoalveolar lavage fluid of PM~2.5~‐exposed animals.[19](#jah34221-bib-0019){ref-type="ref"} The concept that inhaled toxins generate systemic signaling intermediates is also consistent with the finding that serum or plasma isolated from exposed animals or humans influences naïve, unexposed cells and tissues.[38](#jah34221-bib-0038){ref-type="ref"}, [39](#jah34221-bib-0039){ref-type="ref"} Even though ROS themselves seem to support HSC growth and differentiation,[40](#jah34221-bib-0040){ref-type="ref"} certain oxidized phospholipids (eg, 4‐hydroxynonenal)[41](#jah34221-bib-0041){ref-type="ref"}, [42](#jah34221-bib-0042){ref-type="ref"} or aldehydes generated by oxidative stress or impaired metabolism[43](#jah34221-bib-0043){ref-type="ref"} may be important mediators of PM~2.5~ toxicity. This is consistent with our finding that carnosine both formed adducts with, and neutralized aldehydes, and reversed the impact of PM~2.5~ on HSC levels. Related studies using a model of particle tracheal installation also show that limiting oxidative stress reverses a quantitative deficit of bone marrow Lin^−^/Sca^+^ and Lin^−^/CD133^+^ cells induced by exposure.[17](#jah34221-bib-0017){ref-type="ref"} While our results suggested that CAPs inhalation did not affect MSC levels, the direct application of particles to MSCs in vitro has been reported to induce membrane damage, as well as cell shrinkage and death.[44](#jah34221-bib-0044){ref-type="ref"} The lack of in vivo effects in our study could be because of the inaccessibility of PM~2.5~ particles to bone marrow cell populations and further supports the idea that PM~2.5~‐mediated effects are caused by oxidative or inflammatory events initiated in the lung.

The PM~2.5~‐induced loss of HSCs provides possible mechanistic insight into the correlation between exposure and immune response disorders. There is a strong association between exposure to air toxins and the development of autoimmune disorders,[6](#jah34221-bib-0006){ref-type="ref"}, [45](#jah34221-bib-0045){ref-type="ref"} asthma,[46](#jah34221-bib-0046){ref-type="ref"}, [47](#jah34221-bib-0047){ref-type="ref"} and respiratory[48](#jah34221-bib-0048){ref-type="ref"} or systemic infections.[48](#jah34221-bib-0048){ref-type="ref"}, [49](#jah34221-bib-0049){ref-type="ref"} Furthermore, several studies have shown that prior exposure to PM~2.5~ impairs subsequent antibacterial and antiviral responses in exposed animals[7](#jah34221-bib-0007){ref-type="ref"}, [9](#jah34221-bib-0009){ref-type="ref"}, [50](#jah34221-bib-0050){ref-type="ref"}, [51](#jah34221-bib-0051){ref-type="ref"} and that this may be attributable to defective granulocyte or natural killer cell function.[9](#jah34221-bib-0009){ref-type="ref"}, [51](#jah34221-bib-0051){ref-type="ref"} Cell‐based immunity is dependent upon the generation and maturation of functional myeloid and lymphoid cell populations that derive from bone marrow HSCs. Thus, individuals chronically exposed to PM~2.5~ may have a persistent loss of HSCs and defects in the production of immune cell populations. As with exposures to PM~2.5~, cigarette smoking has also been associated with impaired immune responses and an increased incidence of infection.[52](#jah34221-bib-0052){ref-type="ref"} These outcomes may likewise reflect the effects of cigarette toxins (eg, aldehydes) on HSC viability.[53](#jah34221-bib-0053){ref-type="ref"}, [54](#jah34221-bib-0054){ref-type="ref"} Limitations on HSC growth and defects in hematopoiesis may thus be a general mechanism underlying impaired immune responses upon exposure to several inhaled toxins.

In addition to the protective effects of carnosine on HSCs, we also observed that bone marrow EPCs derived from CAPs‐exposed, carnosine‐supplemented mice demonstrated normal tube‐forming capacity and growth ex vivo and were effective in restoring vascular perfusion in vivo. Thus, a second major finding of this work is that a practical intervention (ie, dietary carnosine supplementation) can limit PM~2.5~‐induced pathology. As an endogenous nucleophile, carnosine acts as an anti‐oxidant by sequestering hydroxyl radicals. It can also directly scavenge reactive, unsaturated aldehydes,[30](#jah34221-bib-0030){ref-type="ref"} and in this mode of action, may directly protect EPCs from aldehyde‐induced dysfunction. Thus, by removing or neutralizing aldehydes generated from oxidized lipids, carnosine may directly protect bone marrow cells from PM~2.5~‐induced dysfunction. In addition to aldehyde quenching, carnosine also has buffering and antiglycating capacity, chelates metals, and, stimulates NO synthesis.[30](#jah34221-bib-0030){ref-type="ref"} In this latter mode of action, carnosine supplementation could potentially protect from HSC loss,[55](#jah34221-bib-0055){ref-type="ref"} and promote NO‐dependent EPC function.[56](#jah34221-bib-0056){ref-type="ref"}, [57](#jah34221-bib-0057){ref-type="ref"} We have previously shown similar protective effects when using ecSOD‐Tg mice in exposure experiments,[13](#jah34221-bib-0013){ref-type="ref"} further supporting the idea that pulmonary‐initiated oxidative stress and downstream reactive intermediates (eg, aldehydes) play a causative role in PM~2.5~‐induced pathogenesis.

Previous attempts to mitigate PM~2.5~‐induced pathologies have focused on reducing oxidative stress. In addition to our exposure studies with ecSOD‐Tg mice,[13](#jah34221-bib-0013){ref-type="ref"} treatment with nonspecific antioxidants[58](#jah34221-bib-0058){ref-type="ref"}, [59](#jah34221-bib-0059){ref-type="ref"} or inhibition of NADPH oxidase or Rho kinase[60](#jah34221-bib-0060){ref-type="ref"} prevent some of the adverse outcomes associated with exposure to PM~2.5~ or diesel exhaust particles. However, other anti‐oxidant interventional studies in humans have yielded uncertain and somewhat limited results.[61](#jah34221-bib-0061){ref-type="ref"}, [62](#jah34221-bib-0062){ref-type="ref"}, [63](#jah34221-bib-0063){ref-type="ref"} Reasons for these discrepant results in humans are unclear, but may relate to the fact that low‐dose ROS can actually be protective and, therefore, systemically active antioxidants not only alleviate ROS toxicity, but also inhibit the protective, adaptive, and growth‐promoting effects of ROS as well. Moreover, there are multiple limitations precluding the practical use of anti‐oxidant interventions in humans. Some strategies such as the use of NADPH oxidase and Rho kinase inhibitors, or ecSOD overexpression are experimental animal approaches that cannot be effectively or directly translated to use in humans. Therefore, the ability of carnosine to prevent vascular deficits caused by PM~2.5~ exposure in a preclinical model suggests its potential utility as a practical, therapeutic intervention for humans who are routinely exposed to high levels of PM~2.5~. Given that carnosine is well tolerated by humans and has been used extensively as a dietary supplement, these findings strengthen the rationale for conducting large‐scale interventional studies to prophylactically decrease the risk of immune dysfunction and cardiovascular injury imparted by exposure to atmospheres containing high levels of PM~2.5~.

In summary, the findings of this study suggest that inhalation of PM~2.5~ decreases the levels of HSCs in the bone marrow and that this is associated with increased oxidative stress, as measured by an increase in aldehyde--carnosine conjugates. Pretreatment with carnosine, an endogenous nucleophile, expressed abundantly in skeletal muscle, heart, and brain, prevents not only the depletion of HSCs, but also ameliorates PM~2.5~‐induced EPC dysfunction as well. Significantly, we found that oral supplementation with carnosine attenuates PM~2.5~‐induced defects in EPC‐mediated vascular reperfusion and tissue repair. Although we cannot account for the amount of carnosine‐containing water any individual mouse consumes, the carnosine supplementation group as a whole demonstrated protection from the effects of CAPs exposure. Taken together, these observations provide new evidence suggesting a key role of alterations in bone marrow cell populations in the pathophysiological changes induced by inhalation of PM~2.5~, and provide a simple, safe, and effective intervention to mitigate against these potentially toxic effects of PM~2.5~.
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